Objectives: Our primary goals were to determine whether preexisting fear of pain and pain sensitivity contributed to post-exercise pain intensity.
C urrent literature suggests that there is a potentially complex interaction of factors that contribute to chronic low back pain (LBP). Psychological factors prolong recovery and predict disability for patients with LBP. 1 Cognitive-behavioral models, such as the fear-avoidance model of exaggerated pain perception 2, 3 help to explain the development of chronic disability from an episode of acute LBP. In the fear-avoidance model, an individual has elevated fear-avoidance beliefs because of prior pain experience, present anxiety level, pain behavior, and certain personality traits. These beliefs are suggested to lead to avoidance behavior which in turn may result in chronic disability and exaggerated pain perception. 2 Factors such as pain sensitivity are also associated with chronic musculoskeletal pain conditions. Elevated pain sensitivity has been found in patients with chronic conditions such as fibromyalgia syndrome, [4] [5] [6] temporomandibular disorders, 7 and pelvic floor disorders. In addition, Clauw et al 8 in 1999 observed an association between increased pain sensitivity, lower self-report of physical function, and higher pain intensity for individuals with chronic LBP; and George et al 9 observed that thermal pain sensitivity uniquely contributed to variance in selfreported disability from chronic LBP.
Both the psychological factors and those related to pain sensitivity have been identified in patients with chronic musculoskeletal conditions. Less clear is whether these factors are present before the injury or develop in response to the injury. One method of retrieving this information is to collect data from a large cohort of healthy participants and follow these individuals until some develop chronic pain. These studies are difficult to carry out; therefore, an alternative methodology is to induce pain in healthy participants. Models of endogenous muscle pain are particularly useful because they mimic musculoskeletal pain, the most common form of chronic pain. 10, 11 In this study, we examined the transition from a painfree state to a state of acute LBP in participants using an experimental pain model. Experimental pain models allow control of the type, intensity, frequency, and duration of the pain stimulus, as well as the area where pain is experienced. 12 These models can be generated using exogenous methods such as electrical, mechanical, and chemical stimuli. 13 Of more interest in this study, however, are models using endogenous methods of developing muscle pain. Models of muscle pain are particularly important because musculoskeletal pain is the most common form of recurrent pain 10, 11 and the second most common reason for restricted activity and the consumption of medication. 10, 11, 14 For this study, we chose to use an exercise protocol generating delayed-onset muscle soreness (DOMS) in the posterior trunk muscles.
The first goal was to determine whether preexisting levels of fear (before the induction of pain) predicted pain after exercise. We hypothesized that, consistent with the fear-avoidance model, preexisting fear of pain will amplify the pain response to muscle injury or insult resulting in increased pain and disability. This hypothesis is based on earlier study that indicates that fear of pain is predictive of reported clinical pain and evoked pain after exercise at the shoulder, 15 but has not been previously tested in a model of exercise-induced LBP. The second goal was to determine whether pain sensitivity from quantitative sensory testing (QST) responses (before induction of pain) predicted selfreport of pain after DOMS. We hypothesized that participants with elevated pain sensitivity would have higher reports of pain intensity after exercise.
MATERIALS AND METHODS

Participants
Sixty healthy volunteers were recruited from the general population of Gainesville, FL using fliers posted in area restaurants. All participants read and signed an informed consent form approved by the University Institutional Review Board. Participants were excluded if they had participated, within the past 6 months, in a conditioning program that included strengthening exercises targeted to muscles of the posterior trunk including the long erector spinae, deep trunk muscles such as multifidus, or if strengthening exercises for latissimus dorsi or gluteus maximus were performed. In addition, participants were exclued if they met any of the following criteria: any current back pain or within the past 6 months, any chronic medical conditions that may affect pain perception (eg, diabetes, high blood pressure, fibromyalgia, and headaches), kidney dysfunction, muscle damage, or major psychiatric disorder, history of previous injury including surgery to the lumbar spine, renal malfunction, cardiac condition, high blood pressure, osteoporosis, or liver dysfunction. Participants were advised that they would be withdrawn from the study for performance of any intervention for symptoms induced by exercise before the termination of their participation in the protocol; for example, cryotherapy, massage, or taking antiinflammatory medications.
Procedures
After the informed consent process was finished, study participants completed a demographic survey and questionnaires.
Pain Intensity
Pain intensity in the back 24 and 48 hours after exercise was measured using a self-report 100 mm visual analog scale (VAS) anchored at one end with "none" and at the other with "worst pain imaginable." Participants rated their pain intensity by placing a mark along the line. An earlier study has indicated that the VAS is a valid ratio measure for pain intensity. 16 In this study, we attempted to replicate clinical rehabilitation practices for patients with LBP regarding collecting information about any pain that they were experiencing. To that end, we did not provide specific instruction to participants other than the instructions to rate the "pain intensity now" that were written on the VAS that we used.
Fear
The Fear of Pain Questionnaire (FPQ) is a 30-item, 5-point rating scale, with a range from 30 to 150. The FPQ was developed to measure fear about specific situations that may cause pain. We use the total score for the FPQ, as we were most interested in measuring participants' general fear of pain. 17 We chose to measure this psychological factor given the reported influence on pain intensity in both clinical and experimental models of pain. 18, 19 Experimental Pain Sensitivity
We used QST protocol using thermal stimuli to determine experimental pain sensitivity. We chose thermal QST because thermal stimuli is sensitive to A-d fiber and C-fiber-mediated pain perception allowing us to estimate general pain sensitivity using pain responses to single thermal pulses and examine the plasticity of this pain sensitivity by measuring temporal sensory summation (TSS) of the ratings of C-fiber-mediated responses. 4, 20, 21 TSS is thought to be a behavioral measure of wind-up, which is a specific, reversible, element of central sensitization.
All thermal stimuli were delivered to the skin of participants using a computer-controlled Medoc Neurosensory Analyzer (TSA-2001, Ramat Yishai, Israel). We had both a male and female examiner present during testing to account for sex influence on pain reporting. 22 Before each testing session, participants underwent a practice session. During this session, participants experienced the temperatures to which they were to be exposed. Participants practiced using the rating scale to rate the intensity of the first pain experienced in response to each stimulus. To standardize the scaling instructions and to clarify the distinction between the sensory intensity and affective dimensions, a standardized instructional set was used for all participants during every exposure to the thermal stimuli. The scale instructions were repeated for every set of ratings within each session. 23 First pain: In this study, thermal stimuli of 5 seconds duration were applied to the posterior surface of the upper calf below the popliteal fossa, with the participant in a sitting position. The participants experienced a sequence of 4 thermal pulses that included 45, 47, 49, or 511C presented randomly. Stimulation sites were varied to prevent carryover effects due to local sensitization. Participants were cued to provide a rating of any pain experienced immediately after the peak of each thermal pulse using a scale ranging from 0 (no pain) to 100 (worst pain imaginable). These response ratings are believed to be primarily A-d fiber mediated 24, 25 and were categorized as first pain responses. This procedure was performed twice. The interstimulus interval was at least 60 seconds to avoid carryover effects from 1 stimulus to another. Summation of responses occurs at frequencies faster than 0.33 Hz, 26 and earlier study indicates that painful after sensations that occur after thermal testing have dissipated approximately 30 to 60 seconds after testing. 5 Temperature levels were monitored by a contactor-contained thermistor, and returned to a preset baseline of 351C by active cooling at a rate of 101C/s. Average pain sensitivity (AvP) was represented by the average of the ratings at each of the temperatures assessed.
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TSS: For this study, a train of 10 heat pulses peaking at 491C was applied at a frequency of approximately 0.5 Hz to the posterior surface of the upper calf below the popliteal fossa. All stimulation sites were varied to prevent carryover effects due to local sensitization. Temperature levels were monitored by a contactor-contained thermistor, and returned to a preset baseline by active cooling at a rate of 101C/s. The participants were asked to rate the magnitude of their second pain sensation after each heat pulse. This increase in the delayed or second pain intensity rating that occurs from early to later inputs is referred to as TSS. The phenomenon is believed to be primarily C-fiber mediated.
of the lower extremities. Each participant performed an isometric (static) test of total torque of the trunk extensor muscles through their available trunk flexion range of motion (ROM) using a MedX lumbar extension exercise machine following the standardized protocol. 28 The repeatability of isometric torque production is well-established in participants without pain 28 and groups of patients with LBP. 29 Participants were seated in the MedX machine and the stabilizing straps attached across the pelvis and knees. The participant was moved through the ROM of the machine in lumbar flexion and extension to determine their available range. The device was locked into place in maximal flexion and the participant was instructed to build up force gradually against a pad in contact with the mid and lower back. The torque generated by the participant was displayed graphically on the data collection computer. Once peak effort was observed by the research assistant, the participant was instructed to relax, the device released, and the participant returned to an upright position for at least 10 seconds. Isometric testing was administered 12 times in positions that ranged from the participant's maximum available trunk extension to maximal trunk flexion. The isometric torque collected at each test angle was summed to give measure of total torque.
After baseline total torque was recorded, participants performed bouts of dynamic exercise to the point of volitional fatigue. To perform the dynamic fatiguing exercise bout, the participants were seated and restrained in a MedX lumbar extension exercise machine. Participants performed as many repetitions as possible using a weight load equal to approximately 80% of the peak torque measured during the isometric test. Each repetition was performed through the full available ROM and the participants were encouraged to perform the lifting portion (concentric) in 2 seconds and the lowering (eccentric) in 7 seconds. Repetitions continued until the patient reported being unable to move through a full ROM (volitional fatigue). Once this occurred, the isometric torque test was performed again. If the total torque measured during the repeat isometric test was 50% or less of the baseline total torque, the protocol was complete. If this did not occur, the exercise bout was repeated. Participants repeated this sequence of dynamic exercise and isometric testing until total measured torque decreased to 50% of the baseline measurement. Participants were instructed not to initiate any medication in the next 48 hours, or apply any intervention, such as ice or heating packs to the lumbar spine.
AvP was calculated using the average of the ratings of first pain at each of the temperatures assessed. The loss of muscle performance resulting from the exercise bout was expressed as a percentage calculated by dividing the change in torque from pre-exercise to post-exercise by the torque measured before exercise.
Statistical Analysis
We planned to use multiple linear regression modeling to examine the contributions of the measured baseline variables to pain intensity. The first step was to examine all the variables for distribution. Our primary outcome variables of interest were pain intensity at 24 and 48 hours. When data were assessed graphically, both variables were noted to be heavily right skewed. Boxcox power transformations suggested a power of 0.2 to assist in transformation of the pain intensity; however, the data remained nonnormally distributed after the transformation.
Skewed data was also the case for the residuals calculated in a predicted regression models using complete models [age, sex, body mass index (BMI), FPQ, torque loss, AvP, and TSS]. In the next step, we began to calculate the linear associations between pain intensity and the first 2 continuous predictors we had planned to use (age and BMI). No such associations were noted; therefore, given violations to at least 2 of the modeling assumptions for multiple linear regression, we chose to use logistic regression modeling. In addition, given the potential for unbalanced groups, we chose regression modeling using exact logistic regression over maximum likelihood techniques for estimating the parameters of the model.
Pain intensity ratings were dichotomized into "meaningful pain" and "low pain" groups for both ratings at 24 and 48 hours. Models were built using 3 different values taken from the literature as a threshold for meaningful pain: (1) greater than 10 mm, 30 (2) greater than 20 mm (twice the error of measurement for the VAS), and (3) pain intensity of 35 mm or greater (smallest detectable change in pain described by patients with acute LBP 31 ). The dichotomized variables were used as the outcome variables in subsequent analyses.
We examined the following variables as predictors: TSS and AvP (measures of pain sensitivity), and fear of pain. In addition, BMI, age, and sex were added to control for anthropometry of the participants and isometric torque loss experienced by each participant was included to represent the potential amount of muscle change that occurred in response to the exercise protocol. Outliers were assessed using standardized Pearson residuals. Variables with residuals greater than 3 were deleted list-wise and the model recalculated. Automatic variable selection using backward elimination was used to choose the parsimonious model. The linearity of the relationship among the response and predictor variables was assessed graphically using the lowess procedure. Fit of the model was examined by determining actual probabilities for each level of the continuous predictor variables and comparing these with the predicted probabilities.
RESULTS
Forty-two participants indicated that they had not performed any type of regular exercise (more than once a week) in the past 6 months. Six indicated participating in weight-training (no training of the trunk extensors or squats), and 12 indicated that they performed aerobic exercise (running, walking, or bicycling). All participants completed the exercise protocol used to induce DOMS and the thermal quantitative testing protocol at each testing session. No adverse events were reported and no participants were withdrawn for using interventions for their pain. Demographic information is summarized in Table 1 .
Pain Intensity at 24 Hours
Pain intensity at 24 hours ranged from 0 to 63 mm on the VAS. The number of participants reporting pain intensity greater than a specific threshold is summarized in Table 2 . Figure 1 plots the distribution of pain intensity reports at 24 hours. No outliers were deleted. The final models predicting whether a participant reported clinically meaningful pain intensity at 24 hours only included baseline fear of pain. The final models are summarized in Table 2 .
There were insufficient data points to successfully derive empirical probability estimates for each value of our continuous variables; that is, by way of example, there were not enough participants who had the same fear of pain to calculate probability of experiencing pain for that specific level of fear. Therefore, we were unable to adequately assess the exact linearity of the relationship between the response and predictors. However, in the parsimonious models, a 1-point increase in fear of pain increased the probability of reporting pain between 3% and 4%.
Pain Intensity at 48 Hours
The pain intensity at 48 hours ranged from 0 to 68 mm on the VAS. One outlier was deleted. No significant predictors were identified related to the odds of reporting pain greater than 10 or 20 mm. However, average baseline pain sensitivity and the percentage of torque lost during the exercise protocol were significant predictors of the odds of predicting pain greater than 35 mm. The final model is summarized in Table 2 . In this model, the overall probability of experiencing pain, if a participant did not experience any torque loss and rated the experimental thermal stimuli at zero, was 0.04%. When controlling for the percentage of muscle performance lost during exercise, the probability of rating pain intensity as greater than 35 increased 6% with every 1-point increase in AvP. Similarly, the probability of reporting pain increased 14% for every 1-unit increase in the percentage of muscle performance lost, adjusting for pain sensitivity. Similar to the earlier models, we were unable to derive empirical probability estimates for each value of our continuous variables.
DISCUSSION
Our purpose for this investigation was to examine characteristics of pain-free individuals to determine whether these characteristics might be related to reports of pain intensity in the low back after exercise that induces DOMS. We collected demographic, psychological, and neurophysiologic variables associated with the magnitude of reported pain in both clinical and experimental studies. The first finding of our analyses indicated that the odds of experiencing pain intensity 24 hours after exercise was related primarily to fear of pain, regardless of the threshold used to describe the pain experience as meaningful. This is a novel finding because in our study, we followed participants from a pain-free state to a condition of acute LBP. In studies of LBP, it is more common that participants already have the LBP when psychological influence is investigated.
Fear of pain is an important element of the fearavoidance model of musculoskeletal pain 32 and earlier models of exaggerated pain perception. 2, 3 These models suggest that psychological factors lead to hyperalgesia and disability. Additional study has indicated that fear of pain is a strong predictor of pain intensity in experimentally induced pain using the cold pressor test 18 and thermal pain induction. 33 In addition, in a study of patients with LBP, elevated fear of pain was predictive of elevated pain intensity ratings during acute pain perception. 34 Our findings in this study are also similar to another study of DOMS in which FPQ was the primary predictor of shoulder pain intensity at 24 hours after exercise. 15 Together, these findings in experimental and clinical models, including our own, suggest that the immediate or short-term pain response after insult may be heavily influenced by psychological factors (in this case, fear). These data provide additional evidence that psychological influence on pain perception can occur early in an episode, and need not be the result of prolonged pain.
In contrast, at 48 hours after exercise, we only identified factors that were related to experiencing the highest level of pain we examined (pain intensity >35 mm). Our results indicate that the odds of experiencing pain greater than 35 mm increase as baseline pain sensitivity increases. This is useful information for those who manage programs in which there is exposure to stimuli that are potentially novel and as a result potentially pain inducing; for example, consider environments in which strenuous fatiguing exercise is performed in novel situations like boot camp in the military. Exercise is also prescribed as an intervention for patients with a variety of disorders. The data from this study suggest that modifications (such as avoiding high intensity eccentric load, for example) to a proposed program might be made to decrease the risk of experiencing pain greater than 35 mm of 100 mm. Exercise can produce pain during 35 and after activity. 36 Performance of eccentric (lengthening) muscle actions in muscles unaccustomed to such forces causes damage to muscle fibers. Mechanical disruption of protein filaments within muscle fibers occurs along with a secondary inflammatory response. 37 Pain (hyperalgesia and allodynia), edema, and weakness can also result. [38] [39] [40] [41] [42] Muscle nociceptors become sensitized after exposure to various mediators of the inflammatory process and this sensitization is a proposed mechanism for exercise-induced muscle pain. 43, 44 Consequently, it is not surprising that the torque loss experienced by participants contributed to the reports of pain intensity. This combination of findings may indicate that pain intensity, in this acute model, experienced at 48 hours might reflect the intrinsic muscle physiology of the participant.
Most exercise protocols used to generate DOMS, for example, in the shoulder, are far more aggressive than that which was used in this study with participants providing maximal effort during the lengthening (eccentric) phases of the exercise protocol. When developing the current model of DOMS in the low back, we were very cautious about the magnitude of the loading being placed on the participants. Consequently, our protocol was less aggressive than is seen in models developed for the extremities potentially explaining the slightly lower median pain intensity ratings in our model.
Nonetheless, these data suggest that there were 2 responses to the DOMS induction. If a hypothetical participant had elevated fear, its influence on pain response primarily occurred at 24 hours. If the participant had elevated pain sensitivity and had a large reduction in muscle performance in response to the exercise, these influences were reflected in pain reports at 48 hours. The intent of our analysis had not been to specifically determine what characteristics might account for these trajectories of pain development and recovery; however, that only 2 participants had clinically meaningful pain at both time points might provide information regarding this point. In our sample, both these participants had FPQ scores of more than 100, placing them above the 90th percentile (100), and they experienced a drop in torque production of greater than 56% after exercise potentially indicating that the interactions among these variables could contribute to pain of longer duration.
All of the theoretical predictor variables that we measured were included in the models at both 24 and 48 hours. There are several potential reasons why many of the other variables did not significantly contribute to the final model despite prior literature linking these factors to the report of pain intensity. First, we had a relative small sample size within the group reporting clinically meaningful pain, especially greater than 35 mm. There is the potential that we were subsequently underpowered to detect true effects if they were present in this analysis. However, we used exact logistic regression minimizing this influence. Related to this, we limited the predictors that we did include so as not to saturate the models that we built. For example, possible interactions might have existed between the psychological and the psychophysical measures. Extensions of this study will examine additional interaction factors, and including other measures that influence musculoskeletal pain reports such as catastrophizing, for example. 32 DOMS may have more external validity as a musculoskeletal pain model compared with exogenous methods of inducing pain which are of very brief duration. 15 Models of endogenous muscle pain are particularly important because musculoskeletal disorders are the most prevalent cause of chronic health problems, disabilities, and healthcare utilization and the second most common reason for restricted activity and the consumption of medication. 10, 11, 14 One of the most common forms of musculoskeletal pain experienced is LBP. 10, 11 However, even with DOMS the duration of the pain experience is shorter than most musculoskeletal conditions for which a person might seek intervention. In addition, DOMS is usually induced in young, healthy individuals (as it was in our study). The individuals are not likely to have the same anatomic changes common to older patients with clinical reports of LBP. For example, autopsy studies on large numbers of participants have found disc degeneration, facet joint osteoarthritis, or osteophytes in 90% to 100% of participants aged above 64 years. 45 Likewise, the prevalence of disc bulges increases with age but not that of protrusions. 46 Consequently, we are unable to extend our findings to adults above the age of 40 years. However, there is potential for including adults above the age of 40 years in future studies. For example, future studies could involve induction of DOMS in older adults, and comparing results of those with anatomic changes to those without.
In addition, we completed multiple analyses on the data collected from these participants. Consequently, there could be the potential for an inflation of type-1 error, meaning that some of our results could have occurred by chance alone. Despite these limitations, our findings suggest that the initial reports of pain after injury may be more strongly influenced by psychological factors such as fear. At 24 hours postexercise, fear was a consistent influence across all thresholds used to define the development of meaningful pain intensity. After this, the inflammatory process and pain sensitivity may play a larger role in explaining pain intensity. These factors were specific to a definition that defined meaningful pain intensity as an increase beyond 35 mm.
